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Abstract

Background

Monogenic autoinflammatory diseases (AID) are a rapidly expanding group of genetically

diverse but phenotypically overlapping systemic inflammatory disorders associated with

dysregulated innate immunity. They cause significant morbidity, mortality and economic bur-

den. Here, we aimed to develop and evaluate the clinical impact of a NGS targeted gene

panel, the “Vasculitis and Inflammation Panel” (VIP) for AID and vasculitis.

Methods

The Agilent SureDesign tool was used to design 2 versions of VIP; VIP1 targeting 113

genes, and a later version, VIP2, targeting 166 genes. Captured and indexed libraries (QXT

Target Enrichment System) prepared for 72 patients were sequenced as a multiplex of 16

samples on an Illumina MiSeq sequencer in 150bp paired-end mode. The cohort comprised

22 positive control DNA samples from patients with previously validated mutations in a vari-

ety of the genes; and 50 prospective samples from patients with suspected AID in whom

previous Sanger based genetic screening had been non-diagnostic.

Results

VIP was sensitive and specific at detecting all the different types of known mutations in 22

positive controls, including gene deletion, small INDELS, and somatic mosaicism with allele

fraction as low as 3%. Six/50 patients (12%) with unclassified AID had at least one class 5

(clearly pathogenic) variant; and 11/50 (22%) had at least one likely pathogenic variant

(class 4). Overall, testing with VIP resulted in a firm or strongly suspected molecular diagno-

sis in 16/50 patients (32%).
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Conclusions

The high diagnostic yield and accuracy of this comprehensive targeted gene panel validate

the use of broad NGS-based testing for patients with suspected AID.

Introduction

Monogenic autoinflammatory diseases (AID) are a group of severe systemic inflammatory dis-

orders characterized by episodic or persistent and seemingly unprovoked systemic inflamma-

tion, without evidence of persistent high-titre autoantibodies or antigen-specific T lymphocytes,

which are associated with a substantial risk of AA amyloidosis [1–3]. AID are clinically and

genetically heterogeneous, with almost 40 monogenic diseases now described, and probably

many others still to be characterised [4]. AID causes significant burden of disease and poor qual-

ity-of-life due to variable organ involvement including: arthralgia/arthritis, myalgia, serositis,

neurological involvement, intellectual impairment, sight-threatening inflammatory eye disease,

hearing loss, retardation of growth and development, skin rashes, vasculitis, intestinal inflam-

mation, haemophagocytic lymphohistiocytosis [4], infertility, and many other severe inflamma-

tory complications [1]. Diagnosis is particularly difficult since individually these are rare

diseases, with overlapping clinical presentation across different monogenic disorders, and with

considerable phenotypic variation even within affected individuals from the same family [3, 4].

Securing a molecular diagnosis is of major importance for treatment, prognosis, and genetic

counselling. The traditional strategy of gene-by-gene testing by sequential Sanger sequencing is

time-consuming and costly, and often sequencing is not routinely available for the ever expanding

list of relevant genes. Moreover, most centres who routinely screen for genetic AID only offer

screening of common disease harbouring exons of a minority of the known AID genes, including

in the UK, where screening for 6 diseases is currently routinely available: Cryopyrin-Associated

Periodic Syndromes (CAPS), Mevalonate Kinase Deficiency (MKD) also known as Hyper IgD Sy-

ndrome (HIDS), Tumour Necrosis Factor-(TNF) Receptor Associated Periodic Fever Syndrome

(TRAPS), Familial Mediterranean Fever (FMF), Familial Cold Autoinflammatory Syndrome 2

(FCAS2), Blau’s syndrome; and for the hereditary amyloidoses. Next-generation sequencing

(NGS) provides an opportunity to screen all exons of many monogenic diseases quickly and

cheaply, but thus far has mainly been used in the context of research studies, with limited data on

the clinical impact for patients with AID. This approach also has the ability to quantify allele fre-

quency through depth-of-coverage, and has enabled the identification and characterization of

somatic mosaicism, of particular clinical relevance for dominantly inherited AID [5–9]. A targeted

panel approach, which restricts analysis to genes known to be implicated in a particular pheno-

type, was recently described to be successful for detecting known variants in 10 AID genes [10],

however, the performance of this approach for use as a genetic screening tool in AID patients

with unknown molecular diagnoses has not yet been comprehensively assessed.

The objectives of this study were to design and validate an NGS targeted gene panel, the

“Vasculitis and Inflammation Panel” (VIP), to screen patients with undiagnosed but suspected

AID, and to evaluate this approach as a routine diagnostic service for these conditions [11, 12].

Materials and methods

Patient recruitment

This study received full ethical approval from the National Research Ethics Service, Blooms-

bury Committee, London (ethics number 08H071382); all adult subjects provided written
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informed consent to participate; and parental consent was obtained for all children involved in

the study. A total of 72 patients divided into 2 cohorts were recruited. The first cohort included

22 patients with known molecular diagnoses, and served as positive controls for testing sensitiv-

ity and specificity of the gene panel. The second group consisted of 50 patients with undiag-

nosed inflammatory diseases in whom we had failed to demonstrate a genetic cause using

standard conventional routine genetic tests (https://www.ucl.ac.uk/amyloidosis/nac/molecular-

genetic-testing). The inclusion criteria were: 1. Clinician suspicion of a genetic cause for the

observed inflammatory phenotype and 2. Signed informed consent form to participate. Whole

blood DNA samples from the patients were derived from different sources: (i) The National

Amyloidosis Centre (NAC) based at The Royal Free Hospital; (ii) Great Ormond Street Hospi-

tal NHS Foundation Trust (GOSH), and (iii) the NE Thames Regional Genetics Laboratory.

Targeted VIP gene panel and capture design

The genes for this panel were chosen following consideration of phenotypes referred to our

clinical service, which specializes in autoinflammation and vasculitis in children (at GOSH)

and autoinflammation and amyloidosis in adults (at the NAC). Important mimics of AID and

vasculitides, and three novel genes discovered by our group; WDR1 [13], TRAP1 and DNASE2
(manuscripts in preparation) were also included. To facilitate data analysis, the genes are listed

in 11 broad disease subgroups (Table 1). The Agilent online SureDesign tool (https://earray.

chem.agilent.com/suredesign/) was used to initially design an NGS panel targeting 113 genes

in the first iteration of the panel known as VIP1 (Table 1; see S1 Table for detailed gene list).

Version 2 of the panel (VIP2) evolved after ongoing discussion and scrutiny of the rapidly

evolving literature in this field, resulting in the addition of 53 genes inclusive of a relevant reg-

ulatory intronic region of UNC13D, to give a final list of 166 genes (Table 1; see S2 Table for

detailed gene list). The captured sequences included all coding and untranslated exons with at

least 10 bp of the flanking intronic sequence to cover canonical splicing donor and acceptor

sites. Agilent provides a synthesis service for the capture probes. Information regarding the

designed probes for VIP1 and VIP2 are presented in S3 Table. S1 Fig is a flowchart that sum-

marizes the process of the panel development and evaluation.

Table 1. Summary of disease groups and number of genes in the vasculitis and inflammation panel

(VIP).

Disease group Number of genes—

VIP1

Number of genes—

VIP2

Aortopathies 6 20

Associated with intestinal inflammation 31 44

Autoimmune lymphoproliferative syndrome (ALPS) and

related disorders

6 7

Autoinflammatory 19 32

Complement and regulatory protein deficiencies 20 20

Vasculopathic Ehlers-Danlos syndrome 1 4

Haemophagocytic lymphohistiocytosis (HLH) 5 8

Hereditary amyloidosis 6 12

Paediatric stroke 6 6

SLE and Aicardi-Goutieres syndrome 10 10

Vasculitis/vasculopathy 3 3

TOTAL 113 166

VIP1: vasculitis and inflammation panel version 1; VIP2: vasculitis and inflammation panel version 2.

https://doi.org/10.1371/journal.pone.0181874.t001
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Targeted gene panel sequencing

The capture of targeted genes/regions was performed using the Agilent QXT Target Enrich-

ment system according to the manufacturer’s protocol (Version B.2, October 2014) for Illu-

mina sequencing. Briefly, genomic DNA was sheared by enzyme fragmentation, and ligated

with SureSelect Adaptor Oligo Mix. Fragment size was assessed using the TapeStation 2100

Bioanalyzer (Agilent Technologies). The adaptor ligated libraries were then amplified and

hybridized to our customized SureSelect panel. Captured libraries were indexed (barcoded),

pooled and sequenced as multiplex of 16 samples on the benchtop next generation Illumina

MiSeq sequencer in 150bp paired-end mode according to the standard protocol for this

platform. Two different versions of the Miseq sequencing kit were used: v2 for runs 1 and 2;

and the v3 kit, that offers improved chemistry to generate more sequencing reads, for runs 3

to 5.

Bioinformatics analysis

Read alignment, variant calling, and annotation were performed for the first run using three

different bioinformatics pipelines: 1. the web-based Galaxy project workflow, as previously

used for our whole exome analysis [6]; 2. an in-house pipeline, Genesis, developed at our NE

Thames Regional Genetics laboratory; and 3. the Agilent SureCall v3.5.1.46 software. For all

3 pipelines, paired end reads from Illumina MiSeq instrument were mapped to the human

genome (GRCh37) using Burrows-Wheeler Aligner (BWA)-MEM [14]. The alignment step

in Genesis and SureCall are limited only to the regions of the targeted genes. Supporting

information document (S1 File) provides details of the parameters used for both Genesis

and SureCall pipelines. The output variant call format (VCF) file from SureCall was anno-

tated through wANNOVAR, the web-based user interfaced ANNOVAR tool from Wang

Genomic Labs (http://wannovar.usc.edu/index.php) which provided allele frequencies

from public databases, and in silico predictions of pathogenicity [15]. Identified variants

were evaluated for coverage and visually inspected using the Integrative Genomics Viewer

(Broad Institute).

Pathogenicity assessment of identified variants

The workflow for detecting pathogenic mutation was a multistep process. In the first step, syn-

onymous variants were filtered out. As most pathogenic variants for rare monogenic disorders

are relatively uncommon, we excluded common polymorphic variants found in public data-

bases with minor allele frequency of more than 1%. Exceptions to this were 3 relatively com-

mon pathogenic variants that are relevant to our cohort of patients: the PRF1 monoallelic p.

A91V variant with MAF of 2% in 1000G (but as high as 9% in other populations), since this

variant is known to impair cytotoxic function of natural killer (NK) cells [16]; the p.R92Q sub-

stitution in TNFRSF1A present at 2–10% depending on ethnic background [17, 18], but con-

sidered disease-causing in some patients [17]; and the low-penetrant p.V198M in NLRP3 [19].

Public databases included the 1000 Genome Project (1KGP) (2500 samples; http://www.

1000genomes.org), the Exome Variant Server (ESP) (6500 WES samples; http://esv.gs.

washington.edu/ESV/) and the Exome Aggregation Consortium (ExAC) database (61,468

multiethnic individuals; (http://exac.broadinstitute.org/). The identified variants were indi-

vidually assessed and classified into pathogenicity groups (Class 1: clearly not pathogenic;

Class 2: unlikely to be pathogenic; Class 3: unknown significance; Class 4: likely to be patho-

genic; Class 5; clearly pathogenic), according to the Association of Clinical Genetics Science

Practice Guidelines (ACGS) 2013 guidelines [20]. The level of evidence was assigned using the

2015 American College of Medical Genetics guidance [21]. Clinically actionable identified
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class 5 variants resulting in a molecular diagnosis were confirmed by Sanger sequencing where

indicated, and referred to our accredited genetic testing laboratory for validation. Primer

sequences and reaction conditions used for Sanger sequencing are available on request. Famil-

ial segregation analysis for potentially pathogenic mutations was performed when DNA from

family members were available, with consent.

Results

Gene coverage and the performance of VIP target enrichment

The Genesis pipeline was used to access the read depths for all the captured regions per sample.

The mean depth-of-coverage (DoC) plot over the whole targeted regions for the 5 runs of 16

multiplexed samples showed that>97% of the captured regions had mean read depth greater

than 30x, a commonly accepted cut-off for diagnostic purposes (Fig 1) [22, 23]. An exon or a

region was referred to as being a “low-coverage exon” if any single nucleotide in the exon had

a coverage <30x. Using that definition, 2.2% of the targeted regions, corresponding to 15

genes (ADAR, AP3B1, C4B, C5, CFI, COL5A2, CORO1A, IFNGR2, IKBKG, NCF1, NOTCH3,

POMP, PTEN, TNFRSF11A, VPS13B), had mean DoC<30x (mean 5, range 0–25) (see S4

Table for details). Of these regions, C4B, CORO1A, IKBKG and NCF1 had reads that could not

be confidently mapped to the genome (mapping quality score of 0) because of the pseudo-gene

phenomenon [23]. Although intra-sample coverage showed some variation, coverage per

region was highly reproducible between the different multiplexed runs (16 patient DNA sam-

ples/run). By examining DoC per individual patient samples, other targeted regions in 6 genes

(AP3B1, C4B, SH2D1A, STX11, TGFBR1 and TRNT1) with mean read depth >30x (mean 173,

range 33–432) were found to have “0” reads in any one sample (indicated with an asterisks in

S4 Table). Interestingly, the absence of reads in SH2D1A and STX11 corresponded to known

pathogenic deletions in 3 samples (patient 5, 10 and 13, Table 2). These deletions were also

detected by Genesis CNV analysis. Additional baits were added to 6 regions in 5 genes (ADAR
exon 1, DCLRE1C exon 3, GSN exon 1 and 3, NCF2 exon 1 and TGFBR1 exon 1) to improve

coverage (S5 Table).

Fig 1. Depth of coverage. Representative depth-of-coverage (DoC) plot for all 72 (16x-multiplexed/run)

captured samples using QXT targeted enrichment kit and 2 x 150 bp paired-end sequencing on Illumina

Miseq. The captured regions are ordered according to mean DoC. Red line represents 30x DoC level while

the rectangular box indicated 2.2% of the targeted regions with <30x values (mean 5, range 0–25), including

regions with no mapped reads.

https://doi.org/10.1371/journal.pone.0181874.g001
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Validation of VIP capture design using DNA from patients with known

pathogenic mutations

To evaluate the sensitivity and specificity of the newly designed VIP1 gene panel, the first

run consisted solely of 16 anonymised positive control samples with 21 known pathogenic

mutations in 11 different genes previously identified using Sanger sequencing (patients 1 to

16, Table 2). An additional 6 positive controls were subsequently studied (patients 17–22,

Table 2. Summary of the mutations identified in positive control samples.

Patient Diagnosis Known Gene mutated Nucleotide change* Amino acid change* Zygosity Read depth Allele frequency

1000G ESP6500 ExAC

1 SAVI TMEM173 463G>A V155M Het 250 - - -

2 FHL2 PRF1 1034C>G P345R Het 250 - - -

c.50delT L17fs Het 218 0.0008 0.001 -

3 FHL3 UNC13D 1090delC S363RfsX1 Het 210 - - -

c.118-308C>T (intronic) n/a Het 99 0.28 - -

4 FHL3 UNC13D c.2831-13 G>A

(Intronic)

n/a Het 242 - - -

2436_2437insTTGA N813delinsLN Het 236 - - -

5 XLP1 SH2D1A Gene deletion n/a - - - - -

6 ALPS CASP10 A1216T I406L Het 250 0.0048 0.0026 0.0049

7 FHL5 STXBP2 c.1247-1G>C n/a Hom 230 - 0.0002 0.0003

8 FHL2 PRF1 c.C272T A91V Het 227 0.02 0.034 0.0311

9 Familial

SLE

PRKCD c.G1294T G432W Hom 250 - - -

10 FHL4 STX11 Gene deletion n/a - - - - -

11 DADA2 CECR1 C752T P251L Het 177 0.0002 0.0001 0.00003

-12233delC (5UTR) n/a Het 247 0.07 - -

12 DADA2 CECR1 c.T2C M1T Het 248 - - 0.00002

c.144delG G48Fs Het 246 - - 0.0002

13 XLP1 SH2D1A Exon 2 deletion n/a - - - - -

14 TRAPS TNFRSF1A Mosaic

[7%]

255_278del 85_93del Het 163 - - -

15 CAPS NLRP3 Mosaic [20%] C1698A F566L Het 243 - - -

16 CAPS NLRP3 Mosaic [3%] G1699A E567K Het 426 - - -

17 AGS TREX1 c.859_876del p.287_292del Hom 233 - - -

18 PAPA PSTPIP1 c.G748A E250K Het 298 - - -

19 CAPS NLRP3 c.G2336T G779V Het 151 - - -

20 Amyloidosis TTR delGAinsTT E74L Het 286 - - -

21 Blau NOD2 G1534T D512Y Het 249 - - -

22 ALPS FAS 569-2A>C n/a Het 55 - - -

Patients 1–16 were used in a formal blinded initial validation analysis for VIP1. Patients 17–22 were subsequently included in future runs and where thus not

included in the blinded validation analysis.

*Since each gene may have multiple splicing isoforms, the variants were annotated according to the RefSeq transcript in S1 and S2 Tables.

Het = heterozygote, Hom = homozygote, n/a = not available,— = not known. SAVI (STING-associated vasculopathy with onset in infancy), FHL (Familial

haemophagocytic lymphohistiocytosis), XLP1 (X-linked lymphoproliferative disease type 1), ALPS (Autoimmune lymphoproliferative syndrome), SLE

(Systemic lupus erythematosus), DADA2 (Deficiency of Adenosine Deaminase type 2), TRAPS (Tumour Necrosis Factor Receptor Associated Periodic

Syndrome), AGS (Aicardi–Goutières syndrome), PAPA (pyogenic arthritis, pyoderma gangrenosum and acne), CAPS (Cryopyrin-Associated Period

Syndrome).

https://doi.org/10.1371/journal.pone.0181874.t002
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Table 2), but the initial validation of VIP1 was performed using samples from patients 1 to 16.

The scientist that undertook the VIP1 assay (EO) was blinded to any clinical information

about patient samples 1 to 16. VIP1 was able to blindly identify 15 of the 21 known pathogenic

mutations in the 16 patient samples, including an NLRP3 p.E567K somatic mosaic mutation

with allelic fraction of 3%. The 6 mutations that were not detected in this initial blinded analy-

sis were the SH2D1A and STX11 deletions in 3 cases (patients 5, 10 and 13) and 3 pathogenic

variants with MAF >1% in the 1000G database in 3 other cases; patients 3 with intronic

UNC13D c.118-308C>T (MAF 0.28) for FHL3 [24], patient 8 with the common monoallelic

PRF1 p.A91V (MAF 0.02) for FHL2 [16], and patient 11 with CECR1 -12233delC in the 5’UTR

region (MAF 0.07) for deficiency of adenosine deaminase 2 (DADA) [25]. A subsequent

unblinded review of the list of variants for each of these 6 cases revealed the presence of the

originally missed variants, apart from a deep intronic variant in UNC13D (c.118-308C>T)

which was outside the +/-10 exon-flanking boundaries of the captured design in VIP1. Manual

inspection of the sequence alignment file showed the presence of this UNC13D variant (c.118-

308C>T) in 5 of 11 reads mapping to the region. Failure to initially detect this intronic variant

was therefore attributed to low coverage. Upon excluding regions beyond the +10 and -10

exon-flanking position, which were not within the captured regions, and thus not reliably

detected, we could confirm both the expected mutations and the allele state, resulting in a

detection rate of 100%. Since UNC13D c.118-308C>T is a significant pathogenic variant that

is associated with familial haemophagocytic lymphohistiocytosis type 3 (FHL3) [24], we subse-

quently modified the capture design in VIP2 to include intron 1 of UNC13D.

Assessing the calling of the 21 positive variants between the 3 bioinformatic pipelines used

in this study demonstrated that the NLRP3 p.E569K mosaic mutation with low allelic fraction

of 3% (patient 16, Table 2) was only identified by SureCall. This pipeline was therefore chosen

for subsequent analysis, as it demonstrated optimal sensitivity for the detection of somatic

mosaicism. From our experience of these initial 16 positive controls, we were able to ascertain

the following four practical criteria for subsequent analyses:

1. Coverage data for genes and exons should be examined for the detection of deletions.

2. For recessive disorders where a single heterozygote rare variant is found, it is important to

examine the full list of variants without applying the MAF <0.01 cut-off filter, since the

combination of a rare pathogenic variant and a more common variant of reduced pene-

trance may cause disease in some instances.

3. Examining the consistency of the inheritance model of disease and zygosity of the mutation

is another important step to identify causative variants. Of the 166 VIP2 genes, approxi-

mately 51% are inherited as autosomal recessive, 37% as autosomal dominant and 7% as X-

linked disorders.

4. Although SureCall is a sensitive pipeline, the sequence alignment (BAM) file of relevant

genes should be manually inspected if somatic mosaicism is suspected (e.g. CAPS, TRAPS,

and Blau syndrome).

Applying these criteria to a subsequent 6 disease controls (patients 17–22, Table 2), the

known mutations in these additional positive control samples were all detected.

Performance of VIP gene panel in patients with unknown diagnoses

The sequencing procedure and bioinformatic analyses established from run 1 were tested on

50 subjects with undefined AID. Detailed descriptions of these 50 patients are provided in

Tables 3, 4 and S6. The 50 patients (23 males; 27 females) were of median age 9 years (range 7

Targeted NGS panel for autoinflammation and vasculitis
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months to 75 years), and had various clinical diagnoses prior to VIP sequencing that included

vasculitis, haemophagocytic lymphohistiocytosis, amyloidosis of unknown cause, or “unclassi-

fied autoinflammatory disease”. We identified a total of 325 rare variants in 48/50 of these

patients (median 6.5, with a range of 1 to 16 rare variants per patient; Tables 3 and S6). Two/

50 patients (patients 40 and 41) carried no rare variants (Table 4). Manual inspection of the

alignment files of the class 5 and 4 variants showed good quality mapped reads, with Sanger

sequencing confirmation performed for 3 class 5 variants; PTEN p.V217D, TNFAIP3 p.R217X

and RNF213 p.D4013N. (S2 Fig). Confirmatory analyses by Sanger sequencing of class 4 or 5

variants were not performed for this study in all instances since this has now been shown to be

redundant for capture-based methods with good coverage, [26]; however, all patients with

potentially clinically actionable results were referred on to regional genetics services for confir-

mation of any relevant genetic findings as part of routine clinical care.

Clearly pathogenic variants (Class 5). Six/50 patients (12%) with unknown diagnoses

had at least one class 5 (clearly pathogenic) variant (Table 3; patients 23–28). These patients

fulfilled the pathogenicity criteria from literature evidence and pertinent functional laboratory

immunological data supporting disease-genotype concordance as discussed below.

One child (patient 23), referred with cutaneous vasculitis and recurrent upper respiratory

tract infection was found to have the deleterious p.V217D mutation, in Phosphatase and Ten-

sin homolog (PTEN) gene. This mutation has been previously described in a Korean patient

with Cowden syndrome [27]. Clinical examination of our patient showed that he had features

compatible with Cowden syndrome including autism and macrocephaly. This mutation was

confirmed to be de novo in the index case by Sanger sequencing of the index case and parents.

A diagnosis of haploinsufficiency of A20 (HA20) was made in patient 24 who presented

with uveitis, mouth ulcers, and vasculitic skin lesions. She was heterozygous for the highly pen-

etrant loss-of-function nonsense mutation in TNFAIP3 (p.R271X), recently reported by Zhou

et al [28] as the cause of HA20. Testing of the parents revealed that this heterozygous mutation

was inherited from the mother, who had previously been investigated for a milder, uncharac-

terised inflammatory phenotype.

We found a genetic cause of familial moyamoya disease in patient 25, who was heterozygote

for the RNF213 p.D4013N mutation previously reported in familial moyamoya disease [29,

32]. This mutation was confirmed by Sanger sequencing and found to segregate with the phe-

notype in the affected father and sister.

Table 4. Patients negative for rare variants.

Patient

no.

Ethnicity Consanguinity Sex Age**
(Yrs)

Phenotype VIP1 result and results of

other next-generation

sequencing

40 White N M 7 Mild CAPS-like

phenotype

Complete and

immediate response

to canakinumab

VIP1 negative

WES revealed class 5

AP1S3$ mutation (p.F4C)

associated with pustular

psoriasis

41 White N M 74 Amyloidosis of

unknown cause

VIP1 negative

WES: whole exome sequencing

**Age at the time of this study, Consanguinity (Y = yes, N = no, U = unknown), Sex (F = female, M = male),

CAPS = Cryopyrin-Associated Autoinflammatory Syndromes
$AP1S3 gene is in VIP2 design

https://doi.org/10.1371/journal.pone.0181874.t004
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A firm molecular diagnosis could not be made in two patients (Patient 26 and 27) who

were monoallelic for the UNC113D p.R966W variant, previously reported in association with

digenic familial haemophagocytic lymphohistiocytosis [30].

Patient 28, with unclassified AID responsive to colchicine, was found to have the highly

penetrant p.E131K mutation in the WAS gene. This is a well characterised mutation in males

with the X-linked Wiskott-Aldrich syndrome (WAS) [31], associated with early onset micro-

thrombocytopenia, eczema, and immunodeficiency. The family history of this patient was

notable because there were no males in eight generations. Although our female patient was a

carrier and had a normal platelet count, this mutation could contribute to her autoinflamma-

tion since it is increasingly recognised that autoinflammation and autoimmunity are impor-

tant features of WAS [33], and symptomatic female carriers have been reported. At the time of

writing, studies examining WASP levels and X-inactivation are ongoing.

Likely pathogenic variants (Class 4). Eleven/50 subjects (22%; patients 29–39) with likely

pathogenic (class 4) variants are summarised in Table 3.

Low penetrance AID mutations were found in 2 patients: TNFRSF1A p.R92Q in patient 37

with clinical features of TRAPS; and NLRP3 p.V198M in patient 38 with clinical features of CAPS.

A diagnosis of Majeed syndrome was confirmed for patient 29 with a very typical pheno-

type (Table 3) and compound heterozygous mutations in LPIN2 (p.P626S and p.S203F).

Although only the p.S203F LPIN2 variant was predicted damaging by MutationTaster, the fre-

quency of the p.P626S variant is reported to be significantly higher in patients with AID [10].

We also observed the LPIN2 p.P626S variant in Patient 30, who initially presented with an

unclassified AID. This patient’s clinical features were not compatible with Majeed syndrome,

but were compatible with the autoimmune lymphoproliferative syndrome (ALPS). This

patient was also found to have a class 4 variant in CASP10 (p.K99E); this prompted further

immunological investigations which revealed abnormalities consistent with a diagnosis of

ALPS type 2A (Table 3) [34].

Patient 31 with a strongly suspected diagnosis of APLAID carried two mutations in PLCG2,

a recently described dominant AID. Co-segregation analyses and further investigation is ongo-

ing in available family members.

Patient 39 had 3 predicted deleterious variants in TRAP1, a novel gene found by our group

to be associated with a new autosomal recessive AID [35].

Two patients with suspected DADA (patients 33 and 35) both carried the 5’UTR CECR1
variant previously described to be associated with DADA [25], in combination with different

exonic CECR1 variants.

Patient 34 had two DOCK8 variants (p.V1027I and p.D1347E), and a very convincing clini-

cal phenotype for hyper IgE syndrome.

Anecdotal evidence by De Jesus et al [36] support the importance of 2 novel heterozygous

mutations found in the tyrosine-protein kinase (LYN) gene in 2 unrelated patients (patients 32

and 36). Interestingly, the LYN p.Y508F variant identified in patient 34 leads to a loss of the

phosphorylation site, as was also found in the case reported by De Jesus et al who had nonsense

mutation at the same residue. This tyrosine residue at position 508 has been shown to be an

important regulatory site, as mice with the p.Y508F mutation have enhanced enzymatic activ-

ity and present with haemolytic anaemia [37], lethal autoimmune glomerulonephritis and pos-

itive autoreactive antibodies [38].

Variants of unknown significance (class 3) or carrier status for incidental mutations.

A total of 147 unique variants of unknown significant (VUS) in 78 genes were found in 31

patients who had no class 5 or 4 variants. Details of each patient and the various class 3 variants

are presented in S6 Table. Some of these variants were seen in multiple individuals, in particu-

lar 5/31 (patients 43, 49, 54, 62, 71) are carriers of the mild pyridoxine responsive CBS p.I278T

Targeted NGS panel for autoinflammation and vasculitis
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variant associated with homocystinuria [39]. Other recurrently observed class 3 variants in at

least 5 or more individuals were NCF1 p.R90H (found in 23 of the 30 patients) which may be

caused by pseudogene interference, TGFBR1 non-frameshift deletion p.17-20del (found in 5 of

the 31 patients), and TGFBR2 p.E150fs (found in 15 of the 31 patients). During this study, a

diagnosis of myelodysplasia emerged for patient 51, and Schnitzler syndrome for patient 71,

both probably non-monogenic diseases that accounted for the phenotypes observed, and thus

compatible with the absence of any class 4 or 5 variants in these patients.

Validation of VIP2

For the validation of VIP2 with 166 genes in run 4, we chose 7 samples from previous runs

analysed by VIP1 (patients 3, 5 and 16, 27, 30, 58 and 65) to act as an internal control for VIP2.

Overall, there was good concordance for all variants detected between the 2 runs for each of

the 7 patient samples, with only discrepancies found in 2 samples (patients 58 and 65; S7

Table). Three extra variants (class 3) were called for both patients 58 and 65 in the VIP2 run

due to improved coverage of certain regions in the VIP2 run (S7 Table).

Discussion

Gene-by-gene sequencing is an increasingly outdated, expensive, and often futile diagnostic

approach for patients with AID because there is an ever-increasing number of monogenic dis-

eases now known to cause autoinflammation, with increasingly overlapping phenotypes that

now also include vasculitis and immunodeficiency [2–4]. Furthermore, the phenomenon of

somatic mosaicism is particularly clinically relevant for autosomal dominant AID, and cur-

rently not confidently detected by conventional Sanger sequencing methodologies [5, 6, 40,

41]. NGS now provides the potential for sufficient breadth and depth of genetic sequencing to

overcome the inherent limitations of conventional sequencing in this clinical context [10].

We designed a targeted next-generation sequencing gene panel (VIP) to screen patients

referred to a specialist clinical service for autoinflammation and vasculitis. The inclusion crite-

ria for access to this screening test were deliberately liberal since this most reliably reflects the

nature of the referrals and clinical need of our specialist service. VIP was sensitive and specific

for the detection of known mutations in 22 controls, although unblinded analyses of the first

16 of these controls resulted in a higher yield. This emphasises the importance of communica-

tion between clinicians and clinical scientists for maximising clinical impact.

Application of VIP to a cohort of 50 patients with unknown diagnoses resulted in a class 5

mutation detection rate of 12%, and class 4 variant detection rate of 22%. Overall, the clinical

impact of VIP was a firm or strongly suspected molecular diagnosis in 16/50 (32%) previously

undiagnosed patients (Table 3). VIP reliably detected different types of mutations, including

rare and common SNV’s, insertion/deletions, splice-junction and variants in upstream pro-

moter regions, and somatic mosaicism. Regarding this latter point, the first version of the

panel (VIP1; targeting 113 genes) reliably detected NLRP3 somatic mosaicism of 3%; VIP2

provided broader coverage since it targeted 166 genes, and also detected the aforementioned

3% somatic mosaicism for NLRP3, emphasising the superior breadth and depth of next-gener-

ation sequencing. Since 3% mosaicism is arguably a very low level and probably uncommon in

this setting, we suggest that this sensitivity will capture most (if not all) mosaic CAPS patients,

since most reported mosaic NLRP3 mutation cases are 4.2–35.8% [6, 9, 40–43].

The best choice of NGS methodology to use (massively parallel sequencing of selected

genes; WES; whole genome sequencing [WGS]; or targeted gene panel sequencing) is highly

dependent on factors that include the intended clinical setting and indication for the test, cost,

and availability of sufficient computing capacity and bioinformatics expertise to handle the
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different size and type of datasets appropriately [44]. The main argument for utilising a targeted

approach in routine clinical care is that it minimises the ethical issue of incidental findings of

mutations in genes that bear no relation to the clinical phenotype under scrutiny, as emphasised

by the European Society of Human Genetics [45]. Clinicians can also design panels targeting

genes of interest to suit their own clinical practice: as well as AID genes, we included a range of

immunodeficiency genes in VIP since we were increasingly aware that autoinflammation could

be a feature of primary immunodeficiency [13]; and important genetic mimics of vasculitis

(congenital vasculopathies). Moreover, targeted approaches provide superior sensitivity for the

detection of variants with low level allele frequency compared with WES; and are more amena-

ble to report and return of clinically actionable results in a timely fashion [46].

A notable limitation of gene panels targeting known genes is that this approach cannot be

used to discover novel genetic diseases; that said, unexpected phenotypes can still be detected,

as exemplified by patient 23 who presented with cutaneous vasculitis caused by immune dysre-

gulation associated with Cowden syndrome caused by mutation in PTEN [47, 48]; and patient

28, a female with unclassified autoinflammation and the unexpected finding of the highly pen-

etrant c.391G>A, p.E131K mutation in WAS (Table 3) [31]. Targeted panels also require

intermittent updating and refinement as new diseases genes are discovered. Clinical WES with

targeted gene analysis could offer the opportunity to combine targeted genetic screening with

future research for gene discovery. In our experience, however, technical issues in relation to

depth of coverage, bioinformatics, and manpower required to interpret results currently limit

this approach for routine clinical genetic screening.

In terms of the time and cost, it is difficult to formally quantify the exact savings when

directly comparing our VIP panel to Sanger sequencing. The direct sequencing cost of muta-

tion screening for the 166 genes listed in VIP2 (S2 Table) was £397, and thus comparable to

the cost of screening one single gene using Sanger methodology (£400). Thus, whilst the direct

costs of genes sequenced is substantially lower than conventional sequencing, there are other

costs associated with targeted gene panels that require consideration, particularly in relation to

time spent on interpretation of results, and report generation.

Conclusions

In conclusion, we have described the development of a NGS targeted gene panel, the “Vasculitis

and Inflammation Panel” (VIP). We then evaluated its clinical impact for paediatric and adult

patients referred to a highly specialised service for autoinflammation and vasculitis. A signifi-

cant diagnostic contribution was observed in 32% of patients with previously unclassified phe-

notypes. The level of diagnostic yield obtainable in a timely manner can have a profound

impact on patient management, with improved use of targeted therapies, prognostication, and

genetic counselling. We emphasise that the success of this approach relies upon its use in the

context of a highly specialist clinical service for patients with AID.

Supporting information

S1 Fig. Flowchart of the process of VIP development and evaluation. Identified variants in

samples form undiagnosed patients were classified as either clearly pathogenic (class 5), likely

to be pathogenic (class 4) or unknown significance as recommended by the Association for

Clinical Genetic Science (ACGS [20]). All known variants in positive samples were identified

by both VIP1 and VIP2. �Of these 9 positive controls, 7 of these overlapped with the 20 positive

controls for VIP1.

(TIF)
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S2 Fig. Integrative Genomic Viewer (IGV) screenshot and Sanger electropherogram of 3 of

the 5 identified Class 5 variants; A) PTEN p.V217D, B) TNFAIP3 p.R217X and C) RNF213 p.

D4013N. All had good quality mapped reads and were determined to be correct by Sanger

sequencing (right panel). The red asterisk indicates nucleotide substitution in both IGV and

Sanger chromatogram traces.

(TIF)

S1 Table. detailed information for VIP1 genes.

(XLSX)

S2 Table. detailed information for VIP2 genes.

(XLSX)

S3 Table. SureDesign description of probes for VIP1 and VIP2.

(XLSX)

S4 Table. list of targeted regions with coverage less than 30x.

(XLSX)

S5 Table. list of captured regions with more baits added to improve coverage.

(DOCX)

S6 Table. Clinical features and genetic variants identified in patients with variants of

unknown significant.

(DOCX)

S7 Table. Comparison of identified variants between VIP1 and VIP2 for 7 samples tested

in duplicate.

(DOCX)

S1 File. Bioinformatics parameters used for both Genesis and SureCall pipelines.

(DOCX)

Acknowledgments

The authors wish to acknowledge the following individuals for recruiting patients to the study:

Neil Martin; Eileen Baildam; Sandrine Lacassagne; Vignesh Pandiarajan; Christopher Parson;

Alice Chieng; Nichola Cooper; Daljit Hothi; and Pavla Dolezalova.

Author Contributions

Conceptualization: Paul A. Brogan.

Data curation: Ebun Omoyinmi, Ariane Standing, Annette Keylock, Fiona Price-Kuehne,

Sonia Melo Gomes, Dorota Rowczenio, Sira Nanthapisal, Thomas Cullup, Rodney Nyan-

hete, Emma Ashton, Claire Murphy, Kimberly Gilmour, Despina Eleftheriou, Helen J.

Lachmann, Philip N. Hawkins, Paul A. Brogan.

Formal analysis: Ebun Omoyinmi, Dorota Rowczenio, Thomas Cullup, Rodney Nyanhete,

Megan Clarke, Helena Ahlfors, Kimberly Gilmour, Despina Eleftheriou, Helen J. Lach-

mann, Paul A. Brogan.

Funding acquisition: Ebun Omoyinmi, Despina Eleftheriou, Paul A. Brogan.

Investigation: Ebun Omoyinmi, Ariane Standing, Fiona Price-Kuehne, Sonia Melo Gomes,

Dorota Rowczenio, Sira Nanthapisal, Thomas Cullup, Rodney Nyanhete, Emma Ashton,

Targeted NGS panel for autoinflammation and vasculitis

PLOS ONE | https://doi.org/10.1371/journal.pone.0181874 July 27, 2017 16 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181874.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181874.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181874.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181874.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181874.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181874.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181874.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181874.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181874.s010
https://doi.org/10.1371/journal.pone.0181874


Claire Murphy, Megan Clarke, Helena Ahlfors, Lucy Jenkins, Kimberly Gilmour, Despina

Eleftheriou, Helen J. Lachmann, Philip N. Hawkins, Nigel Klein, Paul A. Brogan.

Methodology: Ebun Omoyinmi, Ariane Standing, Annette Keylock, Fiona Price-Kuehne,

Dorota Rowczenio, Emma Ashton, Megan Clarke, Helena Ahlfors, Kimberly Gilmour, Paul

A. Brogan.

Project administration: Ebun Omoyinmi, Paul A. Brogan.

Resources: Ebun Omoyinmi, Ariane Standing, Fiona Price-Kuehne, Sonia Melo Gomes, Dor-

ota Rowczenio, Sira Nanthapisal, Thomas Cullup, Emma Ashton, Helena Ahlfors, Lucy

Jenkins, Kimberly Gilmour, Helen J. Lachmann, Philip N. Hawkins, Nigel Klein, Paul A.

Brogan.

Software: Ebun Omoyinmi, Thomas Cullup, Rodney Nyanhete, Emma Ashton, Helena Ahl-

fors, Paul A. Brogan.

Supervision: Lucy Jenkins, Nigel Klein, Paul A. Brogan.

Validation: Ebun Omoyinmi, Annette Keylock, Dorota Rowczenio, Emma Ashton, Paul A.

Brogan.

Visualization: Ebun Omoyinmi, Ariane Standing, Sonia Melo Gomes, Dorota Rowczenio,

Thomas Cullup, Rodney Nyanhete, Emma Ashton, Megan Clarke, Helena Ahlfors, Kim-

berly Gilmour, Despina Eleftheriou, Helen J. Lachmann, Paul A. Brogan.

Writing – original draft: Ebun Omoyinmi, Paul A. Brogan.

Writing – review & editing: Ebun Omoyinmi, Ariane Standing, Annette Keylock, Fiona

Price-Kuehne, Sonia Melo Gomes, Dorota Rowczenio, Sira Nanthapisal, Thomas Cullup,

Rodney Nyanhete, Emma Ashton, Claire Murphy, Megan Clarke, Helena Ahlfors, Lucy

Jenkins, Kimberly Gilmour, Despina Eleftheriou, Helen J. Lachmann, Philip N. Hawkins,

Nigel Klein, Paul A. Brogan.

References
1. Russo RA, Brogan PA. Monogenic autoinflammatory diseases. Rheumatology (Oxford). 2014; 53

(11):1927–39. https://doi.org/10.1093/rheumatology/keu170 PMID: 24831056

2. Kastner DL, Aksentijevich I, Goldbach-Mansky R. Autoinflammatory disease reloaded: a clinical per-

spective. Cell. 2010; 140(6):784–90. https://doi.org/10.1016/j.cell.2010.03.002 PMID: 20303869

3. Stoffels M, Kastner DL. Old Dogs, New Tricks: Monogenic Autoinflammatory Disease Unleashed. Annu

Rev Genomics Hum Genet. 2016; 17:245–72. https://doi.org/10.1146/annurev-genom-090413-025334

PMID: 27362340

4. Pathak S, McDermott MF, Savic S. Autoinflammatory diseases: update on classification diagnosis and

management. J Clin Pathol. 2016. https://doi.org/10.1136/jclinpath-2016-203810 PMID: 27646526

5. Rowczenio DM, Trojer H, Omoyinmi E, Arostegui JI, Arakelov G, Mensa-Vilaro A, et al. TNF Receptor

Associated Periodic Syndrome associated with gonosomal mosaicism of a novel 24 nucleotide

TNFRSF1A deletion. Arthritis Rheumatol. 2016. https://doi.org/10.1002/art.39683 PMID: 26992170

6. Omoyinmi E, Melo GS, Standing A, Rowczenio DM, Eleftheriou D, Klein N, et al. Brief Report: whole-

exome sequencing revealing somatic NLRP3 mosaicism in a patient with chronic infantile neurologic,

cutaneous, articular syndrome. Arthritis Rheumatol. 2014; 66(1):197–202. https://doi.org/10.1002/art.

38217 PMID: 24431285

7. Mensa-Vilaro A, Cham WT, Tang SP, Lim SC, Gonzalez-Roca E, Ruiz-Ortiz E, et al. Brief Report: First

Identification of Intrafamilial Recurrence of Blau Syndrome due to Gonosomal NOD2 Mosaicism. Arthri-

tis Rheumatol. 2016; 68(4):1039–44. https://doi.org/10.1002/art.39519 PMID: 26606664.

8. de Inocencio J, Mensa-Vilaro A, Tejada-Palacios P, Enriquez-Merayo E, Gonzalez- Roca E, Magri G,

et al. Somatic NOD2 mosaicism in Blau syndrome. J Allergy Clin Immunol. 2015; 136(2):484–7 e2.

https://doi.org/10.1016/j.jaci.2014.12.1941 PMID: 25724124; PubMed Central PMCID:

PMCPMC4530052.

Targeted NGS panel for autoinflammation and vasculitis

PLOS ONE | https://doi.org/10.1371/journal.pone.0181874 July 27, 2017 17 / 20

https://doi.org/10.1093/rheumatology/keu170
http://www.ncbi.nlm.nih.gov/pubmed/24831056
https://doi.org/10.1016/j.cell.2010.03.002
http://www.ncbi.nlm.nih.gov/pubmed/20303869
https://doi.org/10.1146/annurev-genom-090413-025334
http://www.ncbi.nlm.nih.gov/pubmed/27362340
https://doi.org/10.1136/jclinpath-2016-203810
http://www.ncbi.nlm.nih.gov/pubmed/27646526
https://doi.org/10.1002/art.39683
http://www.ncbi.nlm.nih.gov/pubmed/26992170
https://doi.org/10.1002/art.38217
https://doi.org/10.1002/art.38217
http://www.ncbi.nlm.nih.gov/pubmed/24431285
https://doi.org/10.1002/art.39519
http://www.ncbi.nlm.nih.gov/pubmed/26606664
https://doi.org/10.1016/j.jaci.2014.12.1941
http://www.ncbi.nlm.nih.gov/pubmed/25724124
https://doi.org/10.1371/journal.pone.0181874


9. Arostegui JI, Lopez Saldana MD, Pascal M, Clemente D, Aymerich M, Balaguer F, et al. A somatic

NLRP3 mutation as a cause of a sporadic case of chronic infantile neurologic, cutaneous, articular syn-

drome/neonatal-onset multisystem inflammatory disease: Novel evidence of the role of low-level mosai-

cism as the pathophysiologic mechanism underlying mendelian inherited diseases. Arthritis Rheum.

2010; 62(4):1158–66. https://doi.org/10.1002/art.27342 PMID: 20131270.

10. Rusmini M, Federici S, Caroli F, Grossi A, Baldi M, Obici L, et al. Next-generation sequencing and its ini-

tial applications for molecular diagnosis of systemic auto- inflammatory diseases. Ann Rheum Dis.

2016; 75(8):1550–7. https://doi.org/10.1136/annrheumdis-2015-207701 PMID: 26386126

11. Kroese M, Zimmern RL, Farndon P, Stewart F, Whittaker J. How can genetic tests be evaluated for clini-

cal use? Experience of the UK Genetic Testing Network. Eur J Hum Genet. 2007; 15(9):917–21. https://

doi.org/10.1038/sj.ejhg.5201867 PMID: 17534375

12. Kroese M, Burton H, Whittaker J, Lakshman R, Alberg C. A framework for the prioritization of invest-

ment in the provision of genetic tests. Public Health Genomics. 2010; 13(7–8):538–43. https://doi.org/

10.1159/000294278 PMID: 20224243

13. Standing AS, Malinova D, Hong Y, Record J, Moulding D, Blundell MP, et al. Autoinflammatory periodic

fever, immunodeficiency, and thrombocytopenia (PFIT) caused by mutation in actin-regulatory gene

WDR1. J Exp Med. 2017; 214(1):59–71. https://doi.org/10.1084/jem.20161228 PMID: 27994071.

14. Li H, Durbin R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics.

2009; 25(14):1754–60. https://doi.org/10.1093/bioinformatics/btp324 PMID: 19451168

15. Wang K, Li M, Hakonarson H. ANNOVAR: functional annotation of genetic variants from high-through-

put sequencing data. Nucleic Acids Res. 2010; 38(16):e164. https://doi.org/10.1093/nar/gkq603 PMID:

20601685

16. House IG, Thia K, Brennan AJ, Tothill R, Dobrovic A, Yeh WZ, et al. Heterozygosity for the common

perforin mutation, p.A91V, impairs the cytotoxicity of primary natural killer cells from healthy individuals.

Immunol Cell Biol. 2015; 93(6):575–80. https://doi.org/10.1038/icb.2015.1 PMID: 25776844

17. Lachmann HJ, Papa R, Gerhold K, Obici L, Touitou I, Cantarini L, et al. The phenotype of TNF receptor-

associated autoinflammatory syndrome (TRAPS) at presentation: a series of 158 cases from the Eurof-

ever/EUROTRAPS international registry. Ann Rheum Dis. 2014; 73(12):2160–7. https://doi.org/10.

1136/annrheumdis-2013-204184 PMID: 23965844

18. Ravet N, Rouaghe S, Dode C, Bienvenu J, Stirnemann J, Levy P, et al. Clinical significance of P46L

and R92Q substitutions in the tumour necrosis factor superfamily 1A gene. Ann Rheum Dis. 2006; 65

(9):1158–62. https://doi.org/10.1136/ard.2005.048611 PMID: 16569687

19. Rowczenio DM, Trojer H, Russell T, Baginska A, Lane T, Stewart NM, et al. Clinical characteristics in

subjects with NLRP3 V198M diagnosed at a single UK center and a review of the literature. Arthritis Res

Ther. 2013; 15(1):R30. https://doi.org/10.1186/ar4171 PMID: 23421920

20. Wallis Y, Payne S, McAnulty C, Bodmer D, Sistermans E, Robertson K, et al. Practice guidelines for the

evaluation of pathogenicity and the reporting of sequence variants in clinical molecular genetics. Asso-

ciation for Clinical Genetic Science and the Dutch Society of Clinical Genetic Laboratory Specialists.

2013.

21. Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et al. Standards and guidelines for the inter-

pretation of sequence variants: a joint consensus recommendation of the American College of Medical

Genetics and Genomics and the Association for Molecular Pathology. Genet Med. 2015; 17(5):405–24.

https://doi.org/10.1038/gim.2015.30 PMID: 25741868

22. Chin EL, da Silva C, Hegde M. Assessment of clinical analytical sensitivity and specificity of next-gener-

ation sequencing for detection of simple and complex mutations. BMC Genet. 2013; 14:6. https://doi.

org/10.1186/1471-2156-14-6 PMID: 23418865; PubMed Central PMCID: PMCPMC3599218.

23. Rehm HL, Bale SJ, Bayrak-Toydemir P, Berg JS, Brown KK, Deignan JL, et al. ACMG clinical labora-

tory standards for next-generation sequencing. Genet Med. 2013; 15(9):733–47. https://doi.org/10.

1038/gim.2013.92 PMID: 23887774; PubMed Central PMCID: PMCPMC4098820.

24. Meeths M, Chiang SC, Lofstedt A, Muller ML, Tesi B, Henter JI, et al. Pathophysiology and spectrum of

diseases caused by defects in lymphocyte cytotoxicity. Exp Cell Res. 2014; 325(1):10–7. https://doi.

org/10.1016/j.yexcr.2014.03.014 PMID: 24680986

25. Nanthapisal S, Murphy C, Omoyinmi E, Hong Y, Standing A, Berg S, et al. Deficiency of Adenosine

Deaminase Type 2: A Description of Phenotype and Genotype in Fifteen Cases. Arthritis Rheumatol.

2016; 68(9):2314–22. https://doi.org/10.1002/art.39699 PMID: 27059682.

26. Baudhuin LM, Lagerstedt SA, Klee EW, Fadra N, Oglesbee D, Ferber MJ. Confirming Variants in Next-

Generation Sequencing Panel Testing by Sanger Sequencing. J Mol Diagn. 2015; 17(4):456–61.

https://doi.org/10.1016/j.jmoldx.2015.03.004 PMID: 25960255

Targeted NGS panel for autoinflammation and vasculitis

PLOS ONE | https://doi.org/10.1371/journal.pone.0181874 July 27, 2017 18 / 20

https://doi.org/10.1002/art.27342
http://www.ncbi.nlm.nih.gov/pubmed/20131270
https://doi.org/10.1136/annrheumdis-2015-207701
http://www.ncbi.nlm.nih.gov/pubmed/26386126
https://doi.org/10.1038/sj.ejhg.5201867
https://doi.org/10.1038/sj.ejhg.5201867
http://www.ncbi.nlm.nih.gov/pubmed/17534375
https://doi.org/10.1159/000294278
https://doi.org/10.1159/000294278
http://www.ncbi.nlm.nih.gov/pubmed/20224243
https://doi.org/10.1084/jem.20161228
http://www.ncbi.nlm.nih.gov/pubmed/27994071
https://doi.org/10.1093/bioinformatics/btp324
http://www.ncbi.nlm.nih.gov/pubmed/19451168
https://doi.org/10.1093/nar/gkq603
http://www.ncbi.nlm.nih.gov/pubmed/20601685
https://doi.org/10.1038/icb.2015.1
http://www.ncbi.nlm.nih.gov/pubmed/25776844
https://doi.org/10.1136/annrheumdis-2013-204184
https://doi.org/10.1136/annrheumdis-2013-204184
http://www.ncbi.nlm.nih.gov/pubmed/23965844
https://doi.org/10.1136/ard.2005.048611
http://www.ncbi.nlm.nih.gov/pubmed/16569687
https://doi.org/10.1186/ar4171
http://www.ncbi.nlm.nih.gov/pubmed/23421920
https://doi.org/10.1038/gim.2015.30
http://www.ncbi.nlm.nih.gov/pubmed/25741868
https://doi.org/10.1186/1471-2156-14-6
https://doi.org/10.1186/1471-2156-14-6
http://www.ncbi.nlm.nih.gov/pubmed/23418865
https://doi.org/10.1038/gim.2013.92
https://doi.org/10.1038/gim.2013.92
http://www.ncbi.nlm.nih.gov/pubmed/23887774
https://doi.org/10.1016/j.yexcr.2014.03.014
https://doi.org/10.1016/j.yexcr.2014.03.014
http://www.ncbi.nlm.nih.gov/pubmed/24680986
https://doi.org/10.1002/art.39699
http://www.ncbi.nlm.nih.gov/pubmed/27059682
https://doi.org/10.1016/j.jmoldx.2015.03.004
http://www.ncbi.nlm.nih.gov/pubmed/25960255
https://doi.org/10.1371/journal.pone.0181874


27. Kim DK, Myung SJ, Yang SK, Hong SS, Kim KJ, Byeon JS, et al. Analysis of PTEN gene mutations in

Korean patients with Cowden syndrome and polyposis syndrome. Dis Colon Rectum. 2005; 48

(9):1714–22. https://doi.org/10.1007/s10350-005-0130-9 PMID: 16007494.

28. Zhou Q, Wang H, Schwartz DM, Stoffels M, Park YH, Zhang Y, et al. Loss-of- function mutations in

TNFAIP3 leading to A20 haploinsufficiency cause an early- onset autoinflammatory disease. Nat

Genet. 2016; 48(1):67–73. https://doi.org/10.1038/ng.3459 PMID: 26642243

29. Cecchi AC, Guo D, Ren Z, Flynn K, Santos-Cortez RL, Leal SM, et al. RNF213 rare variants in an ethni-

cally diverse population with Moyamoya disease. Stroke. 2014; 45(11):3200–7. https://doi.org/10.1161/

STROKEAHA.114.006244 PMID: 25278557

30. Zhang K, Chandrakasan S, Chapman H, Valencia CA, Husami A, Kissell D, et al. Synergistic defects of

different molecules in the cytotoxic pathway lead to clinical familial hemophagocytic lymphohistiocyto-

sis. Blood. 2014; 124(8):1331–4. https://doi.org/10.1182/blood-2014-05-573105 PMID: 24916509

31. Derry JM, Kerns JA, Weinberg KI, Ochs HD, Volpini V, Estivill X, et al. WASP gene mutations in Wis-

kott-Aldrich syndrome and X-linked thrombocytopenia. Hum Mol Genet. 1995; 4(7):1127–35. PMID:

8528199

32. Liu W, Morito D, Takashima S, Mineharu Y, Kobayashi H, Hitomi T, et al. Identification of RNF213 as a

susceptibility gene for moyamoya disease and its possible role in vascular development. PLoS One.

2011; 6(7):e22542. https://doi.org/10.1371/journal.pone.0022542 PMID: 21799892

33. Dupuis-Girod S, Medioni J, Haddad E, Quartier P, Cavazzana-Calvo M, Le Deist F, et al. Autoimmunity

in Wiskott-Aldrich syndrome: risk factors, clinical features, and outcome in a single-center cohort of 55

patients. Pediatrics. 2003; 111(5 Pt 1):e622–7. PMID: 12728121.

34. Li P, Huang P, Yang Y, Hao M, Peng H, Li F. Updated Understanding of Autoimmune Lymphoprolifera-

tive Syndrome (ALPS). Clin Rev Allergy Immunol. 2016; 50(1):55–63. https://doi.org/10.1007/s12016-

015-8466-y PMID: 25663566.

35. Standing A, Paisan-Ruiz C, Eleftheriou D, Hong Y, Omoyinmi E, Rowcenzio D, et al. Identification of a

novel monogenic autoinflammatory disease due to mutation in a mitochondrial chaperone protein in a

single kindred, and cure with allogeneic haematopoietic stem cell transplantation. Pediatric Rheumatol-

ogy. 2014; 12(1):1.

36. De Jesus AA, Montealegre G, Liu Y, Marrero B, Kuehn H, Calvo K, et al. A de novo nonsense mutation

in the tyrosine kinase lyn in a patient with an early onset autoinflammatory phenotype. Pediatr Rheuma-

tol Online J. 2014; 12(Suppl 1):O25–O.

37. Slavova-Azmanova NS, Kucera N, Satiaputra J, Stone L, Magno A, Maxwell MJ, et al. Gain-of-function

Lyn induces anemia: appropriate Lyn activity is essential for normal erythropoiesis and Epo receptor

signaling. Blood. 2013; 122(2):262–71. https://doi.org/10.1182/blood-2012-10-463158 PMID:

23692855

38. Hibbs ML, Harder KW, Armes J, Kountouri N, Quilici C, Casagranda F, et al. Sustained activation of Lyn

tyrosine kinase in vivo leads to autoimmunity. J Exp Med. 2002; 196(12):1593–604. https://doi.org/10.

1084/jem.20020515 PMID: 12486102

39. Moat SJ, Bao L, Fowler B, Bonham JR, Walter JH, Kraus JP. The molecular basis of cystathionine

beta-synthase (CBS) deficiency in UK and US patients with homocystinuria. Hum Mutat. 2004; 23

(2):206. https://doi.org/10.1002/humu.9214 PMID: 14722927

40. Tanaka N, Izawa K, Saito MK, Sakuma M, Oshima K, Ohara O, et al. High incidence of NLRP3 somatic

mosaicism in patients with chronic infantile neurologic, cutaneous, articular syndrome: results of an

International Multicenter Collaborative Study. Arthritis Rheum. 2011; 63(11):3625–32. https://doi.org/

10.1002/art.30512 PMID: 21702021; PubMed Central PMCID: PMCPMC3498501.

41. Izawa K, Hijikata A, Tanaka N, Kawai T, Saito MK, Goldbach-Mansky R, et al. Detection of base substi-

tution-type somatic mosaicism of the NLRP3 gene with >99.9% statistical confidence by massively par-

allel sequencing. DNA Res. 2012; 19(2):143–52. https://doi.org/10.1093/dnares/dsr047 PMID:

22279087; PubMed Central PMCID: PMCPMC3325078.

42. Nakagawa K, Gonzalez-Roca E, Souto A, Kawai T, Umebayashi H, Campistol JM, et al. Somatic

NLRP3 mosaicism in Muckle-Wells syndrome. A genetic mechanism shared by different phenotypes of

cryopyrin-associated periodic syndromes. Ann Rheum Dis. 2015; 74(3):603–10. https://doi.org/10.

1136/annrheumdis-2013-204361 PMID: 24326009.

43. Mensa-Vilaro A, Teresa Bosque M, Magri G, Honda Y, Martinez-Banaclocha H, Casorran-Berges M,

et al. Brief Report: Late-Onset Cryopyrin-Associated Periodic Syndrome Due to Myeloid-Restricted

Somatic NLRP3 Mosaicism. Arthritis Rheumatol. 2016; 68(12):3035–41. https://doi.org/10.1002/art.

39770 PMID: 27273849.

44. Zhang J, Chiodini R, Badr A, Zhang G. The impact of next-generation sequencing on genomics. J

Genet Genomics. 2011; 38(3):95–109. https://doi.org/10.1016/j.jgg.2011.02.003 PMID: 21477781;

PubMed Central PMCID: PMCPMC3076108.

Targeted NGS panel for autoinflammation and vasculitis

PLOS ONE | https://doi.org/10.1371/journal.pone.0181874 July 27, 2017 19 / 20

https://doi.org/10.1007/s10350-005-0130-9
http://www.ncbi.nlm.nih.gov/pubmed/16007494
https://doi.org/10.1038/ng.3459
http://www.ncbi.nlm.nih.gov/pubmed/26642243
https://doi.org/10.1161/STROKEAHA.114.006244
https://doi.org/10.1161/STROKEAHA.114.006244
http://www.ncbi.nlm.nih.gov/pubmed/25278557
https://doi.org/10.1182/blood-2014-05-573105
http://www.ncbi.nlm.nih.gov/pubmed/24916509
http://www.ncbi.nlm.nih.gov/pubmed/8528199
https://doi.org/10.1371/journal.pone.0022542
http://www.ncbi.nlm.nih.gov/pubmed/21799892
http://www.ncbi.nlm.nih.gov/pubmed/12728121
https://doi.org/10.1007/s12016-015-8466-y
https://doi.org/10.1007/s12016-015-8466-y
http://www.ncbi.nlm.nih.gov/pubmed/25663566
https://doi.org/10.1182/blood-2012-10-463158
http://www.ncbi.nlm.nih.gov/pubmed/23692855
https://doi.org/10.1084/jem.20020515
https://doi.org/10.1084/jem.20020515
http://www.ncbi.nlm.nih.gov/pubmed/12486102
https://doi.org/10.1002/humu.9214
http://www.ncbi.nlm.nih.gov/pubmed/14722927
https://doi.org/10.1002/art.30512
https://doi.org/10.1002/art.30512
http://www.ncbi.nlm.nih.gov/pubmed/21702021
https://doi.org/10.1093/dnares/dsr047
http://www.ncbi.nlm.nih.gov/pubmed/22279087
https://doi.org/10.1136/annrheumdis-2013-204361
https://doi.org/10.1136/annrheumdis-2013-204361
http://www.ncbi.nlm.nih.gov/pubmed/24326009
https://doi.org/10.1002/art.39770
https://doi.org/10.1002/art.39770
http://www.ncbi.nlm.nih.gov/pubmed/27273849
https://doi.org/10.1016/j.jgg.2011.02.003
http://www.ncbi.nlm.nih.gov/pubmed/21477781
https://doi.org/10.1371/journal.pone.0181874


45. van El CG, Cornel MC, Borry P, Hastings RJ, Fellmann F, Hodgson SV, et al. Whole-genome sequenc-

ing in health care: recommendations of the European Society of Human Genetics. Eur J Hum Genet.

2013; 21(6):580–4. https://doi.org/10.1038/ejhg.2013.46 PMID: 23676617; PubMed Central PMCID:

PMCPMC3658192.

46. Kammermeier J, Drury S, James CT, Dziubak R, Ocaka L, Elawad M, et al. Targeted gene panel

sequencing in children with very early onset inflammatory bowel disease— evaluation and prospective

analysis. J Med Genet. 2014; 51(11):748–55. https://doi.org/10.1136/jmedgenet-2014-102624 PMID:

25194001

47. Browning MJ, Chandra A, Carbonaro V, Okkenhaug K, Barwell J. Cowden’s syndrome with immunode-

ficiency. J Med Genet. 2015; 52(12):856–9. https://doi.org/10.1136/jmedgenet-2015-103266 PMID:

26246517; PubMed Central PMCID: PMCPMC4661225.

48. Heindl M, Handel N, Ngeow J, Kionke J, Wittekind C, Kamprad M, et al. Autoimmunity, intestinal lym-

phoid hyperplasia, and defects in mucosal B-cell homeostasis in patients with PTEN hamartoma tumor

syndrome. Gastroenterology. 2012; 142(5):1093–6 e6. https://doi.org/10.1053/j.gastro.2012.01.011

PMID: 22266152.

Targeted NGS panel for autoinflammation and vasculitis

PLOS ONE | https://doi.org/10.1371/journal.pone.0181874 July 27, 2017 20 / 20

https://doi.org/10.1038/ejhg.2013.46
http://www.ncbi.nlm.nih.gov/pubmed/23676617
https://doi.org/10.1136/jmedgenet-2014-102624
http://www.ncbi.nlm.nih.gov/pubmed/25194001
https://doi.org/10.1136/jmedgenet-2015-103266
http://www.ncbi.nlm.nih.gov/pubmed/26246517
https://doi.org/10.1053/j.gastro.2012.01.011
http://www.ncbi.nlm.nih.gov/pubmed/22266152
https://doi.org/10.1371/journal.pone.0181874

